Identification of fukinolic acid from Cimicifuga heracleifolia and its derivatives as novel antiviral compounds against enterovirus A71 infection by Ma, Yipeng et al.
 
 
 
 
 
Ma, Y. et al. (2019) Identification of fukinolic acid from Cimicifuga 
heracleifolia and its derivatives as novel antiviral compounds against 
enterovirus A71 infection. International Journal of Antimicrobial Agents, 
53(2), pp. 128-136. (doi:10.1016/j.ijantimicag.2018.07.014). 
 
This is the author’s final accepted version. 
 
There may be differences between this version and the published version. 
You are advised to consult the publisher’s version if you wish to cite from 
it. 
 
http://eprints.gla.ac.uk/166770/    
                    
 
 
 
 
 
 
Deposited on: 19 September 2018 
 
 
 
 
 
 
 
 
Enlighten – Research publications by members of the University of Glasgow 
http://eprints.gla.ac.uk  
 
 Accepted Manuscript
Identification of fukinolic acid from Cimicifuga heracleifolia and its
derivatives as novel antiviral compounds against enterovirus A71
infection
Yipeng Ma , Wenjuan Cong , Hao Huang , Liang Sun ,
Anh Hung Mai , Kurt Boonen , Wahedi Maryam ,
Wim De Borggraeve , Guoan Luo , Qingfei Liu , Liliane Schoofs ,
Frank Van Kuppeveld , Johan Neyts , Carmen Mirabelli ,
Walter Luyten Prof
PII: S0924-8579(18)30205-X
DOI: 10.1016/j.ijantimicag.2018.07.014
Reference: ANTAGE 5495
To appear in: International Journal of Antimicrobial Agents
Received date: 19 August 2017
Revised date: 17 June 2018
Accepted date: 14 July 2018
Please cite this article as: Yipeng Ma , Wenjuan Cong , Hao Huang , Liang Sun , Anh Hung Mai ,
Kurt Boonen , Wahedi Maryam , Wim De Borggraeve , Guoan Luo , Qingfei Liu , Liliane Schoofs ,
Frank Van Kuppeveld , Johan Neyts , Carmen Mirabelli , Walter Luyten Prof , Identification of
fukinolic acid from Cimicifuga heracleifolia and its derivatives as novel antiviral compounds
against enterovirus A71 infection, International Journal of Antimicrobial Agents (2018), doi:
10.1016/j.ijantimicag.2018.07.014
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service
to our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and
all legal disclaimers that apply to the journal pertain.
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Highlights: 
 Cimicifuga heracleifolia and Arnebia euchroma extracts inhibited in vitro EV-A71 infection.  
 By a combined effort of bioassay-guided purification, high-resolution mass spectrometry and NMR, we identified active peaks from the 
plant extracts.  
 Fukinolic acid and cimicifugic acid A/J and caffeic acid derivatives were deduced as Cimicifuga heracleifolia and Arnebia euchroma, 
active compounds, respectively.  
 Fukunolic acid derivatives, L- and D-chicoric acid, showed activity in the low micromolar range against EV-A71 clinical isolates. 
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Abstract 
Human enterovirus 71 (EV-A71) infections cause a wide array of diseases ranging from diarrhoea and rashes to hand-foot-and-mouth disease 
and, in rare cases, severe neurological disorders. No specific antiviral drug therapy is currently available. Extracts from seventy-five Chinese 
medicinal plants selected for antiviral activity based on the Chinese pharmacopeia and advice from traditional Chinese medicine clinicians were 
tested for activity against EV-A71. The aqueous extract of the rhizome of Cimicifuga heracleifolia (Sheng Ma) and Arnebia euchroma (Zi Cao) 
showed potent antiviral activity. The active fractions were isolated by bioassay-guided purification, and identified by a combination of high-
resolution mass spectrometry and NMR. Fukinolic acid and cimicifugic acid A and J, were identified as active anti-EV-A71 compounds for 
Cimicifuga heracleifolia, whereas for Arnebia euchroma, two caffeic acid derivatives were tentatively deduced. Commercially available 
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fukinolic acid analogues like L-chicoric acid and D-chicoric also showed in vitro micromolar activity against EV-A71 lab-strain and clinical 
isolates. 
 
 
 
Key words: Cimicifuga heracleifolia; Arnebia euchroma; fukinolic acid; cimicifugic acid; enterovirus 71; traditional Chinese medicine 
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Introduction 
Enterovirus 71 (EV-A71) belongs to the genus Enterovirus of the family Picornaviridae, small viruses characterized by a naked icosahedral 
capsid and a positive-sense, single-stranded RNA. EV-A71 is the causative agent of hand-foot-and-mouth disease (HFMD), but other clinical 
manifestations associated with EV-A71 infection range from skin rashes and herpangina to brain stem encephalitis [1]. Recurrent EV-A71 
epidemics of various scales have occurred in the Asia-Pacific region [2, 3]. Because of its marked neurotropism, following the near complete 
eradication of poliovirus, EV-A71 may become the greatest threat amongst enteroviruses to cause significant neurological complications [4]. An 
inactived EV-A71 vaccine has been approved in China in 2015 for prevention of HFMD [5]. In view of the rapid recombination of EV-A71, the 
absence of cross-reactivity among EV-A71 sub-genogroups and the emergence of new genotypes [6, 7], it is not clear whether monovalent 
vaccines will offer sufficient protection [8]. Moreover, related enteroviruses can cause HFMD, although EV-A71 is the most pathogenic [8]. The 
main driver for vaccine development has been the lack of an effective antiviral drug. Antiviral drugs are urgently needed to prevent EV-A71 
epidemics [9], and drug development has been underway for over a decade [10, 11], targeting various stages of the viral life cycle [12, 13]. 
There is evidence that some traditional Chinese medicines (TCMs) may be beneficial for the treatment of viral infections, including EV-A71 
[14]. Therefore, we decided to test a range of TCM plants for anti-EV-A71 activity. Here, we report the identification of novel anti-EV-A71 
compounds from the rhizome of Cimicifuga heracleifolia (Sheng Ma) and from Arnebia euchroma (Zi Cao).  
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2. Materials and methods 
2.1 Chemicals and compounds 
Acetonitrile of HPLC grade, ethanol and acetone of analytical grade were purchased from Sigma-Aldrich Co. (Belgium). Hexane of analytical 
grade was purchased from Acros Co. (Belgium). Sterile deionized water was produced by a water purification system (Milli-Q Reagent Water 
System, MA, USA). Rosmarinic acid, L-chicoric acid, D-chicoric acid, salvianolic acid A hydrate, salvianolic acid B, 1,3-dicaffeoylquinic acid, 
chlorogenic acid and caftaric acid were purchased from Sigma-Aldrich Co. (Belgium).  
2.2 Preparation of plant extracts, fractions and compounds 
Cimicifuga heracleifolia root and Arnebia euchroma were purchased from a certified TCM vendor: Tongrentang Pharm. Co. Ltd. (Beijing, 
China, http://www.tongrentang.com/en/). The plant material was ground to a fine powder and small-scale extracts were prepared as described 
before [15]. One gram of plant powder was used in the small-scale extracts. For a large-scale aqueous extract, 100 g of plant powder was 
transferred into a 1000 mL flask, and sterile deionized water was added in a w/v ratio of 1/10. The flask was then kept at ambient temperature 
and placed in a bath sonicator for 4 times 15 min each, with an interval of 6 hours.  The extract was then centrifugated at 1800 rpm for 8 min. 
The supernatant was filtered through MN615 185 mm filter paper, transferred into a round-bottom flask and dried in a rotary evaporator (Heto 
Rotavapor-R). The same volume of fresh deionized water was added to the plant material to start another extraction cycle. A total of three 
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successive extraction cycles was completed. The dried pooled aqueous extract was then separated on a preparative HPLC column (PrepPak C18, 
15 µm, 40x100mm) using acetonitrile/water as mobile phase, whereby the acetonitrile concentration increased linearly to 100%. The elution 
flow rate was 40 mL/min and controlled by a Waters 600 controller and monitored by a Waters 2487 Dual λ Absorbance Detector at 214 nm and 
280 nm. Active compounds were obtained by activity-guided purification. Briefly, active fractions from the preparative HPLC column were 
separated further using a Sunfire semi-prep C18 column (reversed-phase, 5 µm, 4.6 x 150 mm) with an injection loop of 2 mL on a Shimadzu 
DGU0A3 system, equipped with a diode array detector monitoring from 190 to 800 nm, and using a gradient elution at a flow rate of 4 mL/min 
starting with acetonitrile/water at 10%. The HPLC column was washed with 100% acetonitrile for 10 min after each run. 
2.3 Mass spectrometry 
The analysis was performed on a Q Exactive orbitrap mass spectrometer (Thermo Scientific, San Jose, CA). The mass spectrometer was coupled 
online to an Ultimate 3000 ultra-high performance liquid chromatography (UHPLC) instrument (Thermo Scientific, San Jose, CA). The UHPLC 
system was equipped with a 2 µm particle size, 10 nm pore size Easy Spray Pepmap RSLC C18 column with dimensions 50 µm x 15 cm 
(Thermo Scientific, San Jose, CA). Before sample separation on the analytical column, the lyophilized sample was dissolved in 16 µL of a 2% 
acetonitrile/0.1% aqueous formic acid (FA) solution. A needle voltage of 1.5 kV and a capillary temperature of 25°C were applied. Next, a 5 µL 
sample was injected and put on-line with a 3 µm particle size, 10 nm pore size, nanoviper, Acclaim Pepmap 100 C18 precolumn of dimensions 
75 µm x 2 cm (Thermo Scientific, San Jose, CA). Sample separation was performed using a 30 min gradient of 0.1% aqueous FA (solvent A) 
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and 80 % acetonitrile, 0.08 % aqueous FA (solvent B) and a flow-rate of 300 nL/min. The percentage of solvent B increased from 4 % to 70 % 
in 30 min and was followed by a steep increase to 95 % in 2 min. An inherent rinse step (2 min gradient, from 4 % to 95 % and 3 min rinsing at 
95% solvent B) was applied after every run. The Q Exactive mass spectrometer was operated in data-dependent mode. Mass spectra were 
acquired alternately in the positive and negative ionization mode with an m/z scan range of 100 to 1500 m/z. For each precursor spectrum, up to 
the ten of the most intense ions were selected for the generation of fragmentation spectra. For precursor spectra, a resolving power of 140,000 
full width at half maximum (FWHM) was used with an automatic gain control (AGC) target of 3,000,000 ions and a maximum ion injection 
time (IT) of 100 msec. For fragmentation spectra, a resolving power of 17,500 FWHM, an AGC target of 1,000,000 ions, an isolation window of 
3 m/z, a fixed first mass of 50 m/z and a maximum IT of 256 msec were used. Dynamic exclusion of 10 sec was applied in order to avoid 
repeated fragmentation of the most abundant ions. Concerning ion selection, only singly-charged ions were selected. From high-accuracy 
masses, compatible chemical formulae were deduced using ChemCalc [16]. Exact (mono-isotopic) masses or chemical formulae were then used 
to search databases like Chemspider or Universal Natural Products Database [17] for natural products with these properties. We tentatively 
identified several compounds by comparing with the published MS/MS profile list in [18-21]. 
2.4 NMR  
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The structure of purified compounds was solved by NMR as described before [22]. Briefly, NMR spectra were recorded on 400 MHz and 600 
MHz FT-NMR spectrometers in the deuterated solvents and at temperatures indicated in table 2; chemical shifts are expressed in scale (ppm) 
using tetramethylsilane as an internal standard, and coupling constants J are in Hertz (Hz). 
 
 
2.5 Antiviral test against EV-A71 
Dried extracts or fractions were dissolved in DMSO and tested in a cell-based assay with live enteroviruses as described before [23]. Briefly, RD 
cells [24], grown for 3-4 days in 150 cm² tissue culture flasks were harvested and seeded in MEM Rega 3 medium (Gibco) supplemented with 
2% fetal bovine serum (FBS) (Integro), 1% 200 mM L-glutamine (Gibco) and 1% 7.5% NaHCO3 (Gibco) at a density of 25,000 cells/well in 96-
well plates. The microtitre plates were incubated overnight, yielding a non-confluent cell monolayer. Subsequently, the assay plates were 
transferred to a liquid handling platform on which a sample dilution series was prepared starting at a sample concentration of 100 µg/mL or 
lower, if necessary. Following preparation of the compound dilution series, virus was added to the wells with a dilution optimized for each EV-
A71 strain. The final, maximal DMSO concentration that was reached in the assay wells with the highest sample input (1%) was well tolerated 
by the cells. The assay plates were returned to the incubator at 37 ℃ for 4 days, at which time the untreated, virus-infected condition (virus 
controls, VC) showed 100% virus-induced cell death while in the untreated, uninfected condition (cell controls, CC) a perfectly healthy cell 
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monolayer could be observed. For quantification of the antiviral and anti-metabolic effect of the samples, the assay medium was replaced with 
100 µL of a 5% MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenol)-2-(4-sulfophenyl)-2H-tetrazolium, innersalt) (Promega) 
solution in phenol red-free medium and incubated for 1.5 hours. OD values were recorded with a microtitre plate reader (Safire², Tecan) and 
uploaded on a custom-designed database-coupled data processing platform (Accelrys) for further processing and quality control.  
 
 
2.6 Protease assay  
A 3C protease assay was performed as previously described [25]. Briefly, COS-1 cells at a concentration of 0.5 x 10
5
 cells/mL, were seeded in a 
96-well plate in 100 µl Dulbecco's Modified Eagle's medium (DMEM). The next day, the cells were co-transfected in triplicate using Fugene 
with 100 ng/well of a construct containing the viral 3C protease-coding region between a Gal4-binding domain and a VP16-activation domain 
and 100 ng/well of plasmid containing Gal4-sequences upstream of a luciferase reporter under the control of VP16. Two hours after transfection, 
the cells were treated with DMSO or fukinolic acid-containing medium prepared as a three-fold serial dilution. A rupintrivir-analogue was used 
as positive control of anti-3C protease activity. After 16 hours post transfection, the medium was removed and the cells were washed with 
Phosphate-buffered saline (PBS) and lysed in 20 µL Passive Lysis Buffer (Promega) for 30 min at room temperature. The luciferase activity was 
then measured using the Dual-Glo Luciferase Assay System (Promega) and recorded whenever the 3C-protease activity was affected by the 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
compound treatment. Therefore, luciferase signal represents, in this assay, a measure of the anti-protease (and in turn antiviral) activity of the 
selected compounds.   
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3. Results 
3.1 The aqueous extract of Cimicifuga heracleifolia and Arnebia euchroma inhibits EV-A71 replication in vitro 
Over seventy-five plants listed in the Chinese Pharmacopeia were selected on the basis of previously reported antiviral activity [26]. Small-scale 
extracts were prepared from 1 g of botanical material in 10 mL of four different solvents: water, ethanol, acetone and hexane. These extracts 
were tested in a cell-based antiviral assay to evaluate the in vitro antiviral activity against EV-A71. The requirement for the extract to be a true 
selective inhibitor of EV-A71 replication was the complete protection of the cells from virus-induced cell death for at least one concentration, 
without causing any significant alteration of cell monolayer morphology as compared to the untreated, uninfected cell control condition. Among 
the extract tested, Cimicifuga heracleifolia aqueous extracts showed strong antiviral activity, together with low levels of cytotoxicity. The EC50 
was approximately 17 µg/mL and the EC90 was 66 µg/mL. Aqueous extracts of Arnebia euchroma showed an even more potent activity against 
EV-A71, with EC50 and EC90 of 1.6 µg/mL and 5.7 µg/mL, respectively. 
3.2 Identification of active fractions by bioassay-guided purification 
A large-scale aqueous extract of Cimicifuga heracleifolia was prepared as described in materials and methods. The extract was fractionated on a 
preparative C18 column. Fractions 25-30, 32-33 and 35-40 showed strong anti-EV-A71 activity (Figure 1). In particular, EC50s of fractions 28 
and 33 were quite low: around 6.9 and 1.5 µg/mL, respectively. Fractions 28 and 33 were therefore further separated (Figure 1) and tested for 
anti-EV-A71 activity. Based on the correspondence between active fractions and chromatographic peaks (Figure 1), presumptive active peaks 
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were collected and their antiviral activity was confirmed. A large-scale aqueous extract of Arnebia euchroma was also prepared using the same 
method. Fractions 34-37, 39-41 and 45-56 showed potent activity against EV-A71 (Figure 2). Particularly, fraction 37 and 39 had an EC50 of 7.1 
µg/mL and 8.5 µg/mL, respectively. The fractions were further separated using semi-preparative HPLC on a C18 column (Figure 2), and peaks 
were collected for antiviral testing. 
3.3 Fukinolic acid and cimicifugic acid A and J are novel anti-EV-A71 compounds  
The antiviral profile of the peaks from fraction 28 of Cimicifuga heracleifolia revealed that peak 15 and 16 (F28P15, F28P16) carried the anti-
EV-A71 activity with EC50 of 28 and 4.3 µg/mL, respectively. Peak 11-14 were isolated from fraction 33 but only the 11 and 13 showed activity 
(F33P11, F33P13) with EC50s of about 20 µg/mL. After the bioassay-guided purification of the peaks, we wanted to identify the active 
compounds in each fraction, by means of high-resolution mass spectrometry and NMR. F28P16 was identified as fukinolic acid (Figure 3), first 
by LC-MS/MS and then further confirmed by NMR (table 1 and S1). F28P15 was tentatively identified to have a chemical formula of C22H22O11 
and, based on a similar fragmentation pattern than sinapinic acid in MS/MS, it was suggested to be cimicifugic acid J (table 1). Based on MS 
data, F33P11 had a probable formula of C22H22O12 and was identified as cimicifugic acid I by MS/MS and proton NMR. F33P13 was tentatively 
identified to have a formula of C21H20O11 and showed the same fragmentation pattern as cimicifugic acid A/B (table 1). A proton NMR was 
performed to confirm F33P13 as cimicifugic acid A. Interestingly, the adjacent peak 14 (F33P14), which did not show activity against EV-A71, 
was identified on the basis of MS/MS and proton NMR as cimicifugic acid B. We were unable to identify F33P11. 
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Active peaks from Arnebia euchroma fraction 37 were peak 3 and 4 (F37P3 and F37P4) with EC50 of 12 and 6 µg/mL, respectively: and peak 3 
and peak 6 were the active peaks from fraction 39 (F39P3 and F39P6) with EC50 of 20 and 9 µg/mL, respectively. Based on MS/MS 
fragmentation patterns, F37P3 was expected to be a caffeic acid derivative. According to the proposed formula (C27H22O12), the active 
compound could be lithospermic acid, salvianolic acid H/I, or salvianolic acid J (table 1). The presumptive formula of F39P6 (C36H30O16) was 
also deduced from MS. We were unable to get the MS/MS spectrum of F39P6 in negative ion mode, but its positive ion mode MS/MS spectrum 
was highly similar to F37P3, which suggests that F39P6 may be a conjugate of F37P3, possibly salvianolic acid B, salvianolic acid E or 
salvianolic acid L. We could not identify F37P6 and F39P.  
3.4 Antiviral activity and SAR of fukinolic and caffeic acid derivatives  
In order to confirm the bioassay-guided purification and the identification of active compounds, we obtained fukinolic acid and caffeic acid 
derivatives from commercial sources: L- and D-chicoric acid, rosmarinic acid and salvianolic acid A and B. A cell-based antiviral assay was 
performed with serial dilution of the purchased compounds in RD cells to confirm/assess their antiviral activity. The results are summarized in 
table 2. For the fukinolic acid derivatives L- and D-chicoric acid, the activity observed in the active fractions was more pronounced than that 
observed for the purchased compounds. Salvianolic acid A showed activity in a low µM range, in agreement with a recent publication [27]. By 
comparing the antiviral activities of the active compounds, we could also deduce some SAR indications. Cimicifugic acid B was the only 
tentatively identified compound not active in vitro against EV-A71. The hydroxyl group at position R2 is thus crucial for antiviral activity (Table 
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2). In opposition, the hydroxyl group at position R1 is less critical for activity, since the methylation of R1 (cimicifugic acid A) decreased the 
EC50 about 5-fold only. The addition of a hydroxymethyl group at position R3 (cimicifugic acid I) also resulted in loss of activity. Ultimately, 
although cimicifugic acid J shares the same R groups as cimicifugic acid I, it showed some activity against EV-A71 suggesting that the 
substituents in the opposite benzyl play also a role in the activity of this class of compounds.  
3.5 Fukinolic and caffeic acid analogues showed potent antiviral activity against EV-A71 clinical isolates 
In order to explore the clinical relevance of our findings, we wanted to assess the activity of the aforementioned fukinolic and caffeic derivatives 
in the context of EV-A71 clinical isolates infection. Indeed, the lab-adapted strain BrCr used for the previous experiment is poorly representative 
of the circulating EV-A71. For instance, clinically relevant genogroup B and C were used in this experiment to infect RD cells in the presence of 
serial dilution of compounds. Pirodavir, a capsid binder, was used as a reference compound. Overall, all the tested derivatives showed a potent 
activity, in a low micromolar range, against EV-A71 clinical isolates with an improvement up to 50x compared to the activity against the lab-
adapted BrCr strain (table 3). The antiviral activity of fukinolic and caffeic acid derivatives was also assessed in the context of non-EV-A71 
enteroviruses (rhinovirus B14 and coxsackievirus B3) and non-enteroviruses infection (Zika virus and Chikungunya virus). The compounds 
proved inactive against all tested viruses, suggesting that these compounds are selective inhibitors of EV-A71 replication.  
3.6 Inhibition of 3C protease activity  
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Fukinolic acid and cimicifugic acid J have been previously described to inhibit (carboxyl) peptidases [28]. We therefore wanted to assess the 
effect of fukinolic acid on the activity of the 3C viral peptidase. We hypothesized that the anti-protease activity could explain the antiviral effect 
of fukinolic acid and its analogues on EV-A71 replication. A 3C protease activity assay was performed by co-transfecting COS-1 cells with a 
construct encoding the 3C protease gene flanked by a Gal4 binding domain and a VP16 domain and a luciferase construct with an upstream Gal4 
sequence and under the control of the VP16 domain [25]. Briefly, if the 3C protease is functional it will cleave, with its auto-catalytic domain, 
the Gal4BD and the VP16 domain and the luciferase reporter will become transcriptionally inactive (no luciferase signal). On the other hand, if 
the activity of the 3C protease is affected (by the compound treatment) the Gal4BD-3C-VP16 ORF will bind the Gal4 sequence on the luciferase 
reporter plasmid and the VP16 domain will recruit the RNA polymerase to start the transcription of the reporter (luciferase signal). Rupintrivir is 
a well described viral 3C protein inhibitor and a rupintrivir-analogue was used as positive control. Following co-transfection and treatment with 
serial dilution of the rupintrivir-analogue and the fukinolic acid, we detected an increased luciferase signal, i.e an increased anti-protease activity 
only following rupintrivir-analogue treatment (Figure 3). Fukinolic acid did not show any anti-protease activity suggesting that it inhibits viral 
replication with a different mechanism of action.   
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4. Discussion  
Cimicifuga heracleifolia has been used in the clinic to treat flu-like illness and sore throat for centuries [29]. Cimicifuga heracleifolia is also a 
component of Sheng-Ma-Ge-Gen-Tang (SMGGT), a popular complex prescription used to treat measles in children. SMGGT proved active also 
against EV-A71 in vitro [30]. Fukinolic acid and several cimicifugic acids were isolated from some Cimicifuga species before [31]. We reported 
here for the first time that fukinolic acid, as well as cimicifugic acid A and J are the anti-EV-A71 active compounds from Cimicifuga 
heracleifolia. We also evaluated the antiviral activity of fukinolic acid analogues against EV-A71 clinical isolates and we detected a remarkable 
improvement of antiviral activity as compared to the lab-adapted BrCr strain, emphasizing the clinical relevance of our findings. Fukinolic acid 
analogues like L-chicoric and D-chicoric acid, and dicaffeoylquinic acid were found to have anti-human immunodeficiency virus (HIV) 
integrase activity [32]. Since EV-A71 replication is purely cytoplasmic and does not rely on an integrase activity, the antiviral activity of the 
here-described class of compounds must be mechanistically distinct. We tested instead the anti-EV-A71-3C-protease activity of fukinolic acid in 
a cell-based 3C protease assay but the result of the assay was negative suggesting that this mechanism of action is unlike.  
Arnebia euchroma is a species of the Boraginaceae family, whose roots are often used to regulate blood circulation in TCM [33]. The extracts 
from plants of the Boraginaceae family have various biological activities like antifungal [34], antioxidant [33] and anti-HIV activities [35]. 
Caffeic acid analogues like rosmarinic acid and lithospermic acid were identified from plants of the Boraginaceae family before [36, 37], and 
also from Salvia miltiorrhiza [21], whose aqueous extract also shows activity against EV-A71 [38]. Rosmarinic acid, lithospermic acid and 
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lithospermic acid B have shown in vitro anti-HIV activity [39]. Moreover, it has been reported that rosmarinic acid, salvianolic acid A, 
salvianolic acid B and magnesium lithospermate B have anti-EV-A71 activity [27]. In this study, we confirmed these finding and we explore the 
activity of salvianolic acid in the context of infection by clinically-relevant EV-A71 strains. As previously mentioned, rosmarinic, lithospermic 
and various salvianolic acids (included A and B) were identified from Salvia miltiorrhiza (Danshen) before [21, 40] whose aqueous extract also 
shows activity against EV-A71 [38]. Danshen has been widely used in China for centuries. Many recent clinical trials of Danshen products 
support its safe use in humans [40] and Danshen Capsule has received marketing authorisation in The Netherlands as a herbal remedy
1
. 
Combined with our in vitro findings, these facts support the potential use of Danshen for the treatment of EV-A71-infected patients.  
Conclusion  
With a combined effort of bioassay-guided purification, high-resolution mass spectrometry and NMR, we identified the fractions of Cimicifuga 
heracleifolia and Arnebia euchroma responsible for anti-EV-A71 activity in vitro. For the first time, we described fukinolic acid, as well as 
cimicifugic acid A and J as inhibitors of EV-A71 replication. Moreover, we report a very pronounced activity of fukinolic acid derivatives (in 
the low micromolar range) in the context of EV-A71 clinical isolates infection. We also identified two caffeic acid derivatives as active 
compounds against EV-A71. Efforts to determine the precise mechanism of action of these classes of compounds are currently ongoing.   
 
                                                          
1
 https://english.cbg-meb.nl/ 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Acknowledgements 
We would like to thank Luc Vanden Bosch for expert technical support.  
Declarations 
Funding: Wenjuan Cong and Hao Huang were supported by grants of the Bilateral Scientific Cooperation between Tsinghua University Beijing 
and the KU Leuven (BIL10/20T and BIL/09/011). Yipeng Ma was supported by a scholarship of the Chinese Scholarship Council. Walter 
Luyten largely supported himself. 
Competing Interests: None 
Ethical Approval: Not required 
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
References 
[1] Lee TC, Guo HR, Su HJ, Yang YC, Chang HL, Chen KT. Diseases caused by enterovirus 71 infection. The Pediatric infectious disease journal. 
2009;28:904-10. 
[2] Wang SM, Liu CC. Update of enterovirus 71 infection: epidemiology, pathogenesis and vaccine. Expert review of anti-infective therapy. 2014;12:447-56. 
[3] McMinn PC. Recent advances in the molecular epidemiology and control of human enterovirus 71 infection. Current opinion in virology. 2012;2:199-205. 
[4] Sarma N. Hand, foot, and mouth disease: current scenario and Indian perspective. Indian journal of dermatology, venereology and leprology. 
2013;79:165-75. 
[5] Mao QY, Wang YP, Bian LL, Xu M, Liang ZL. EV71 vaccine, a new tool to control outbreaks of hand, foot and mouth disease (HFMD). Expert Rev 
Vaccines. 2016;15:599-606. 
[6] Yip CC, Lau SK, Woo PC, Yuen KY. Human enterovirus 71 epidemics: what's next? Emerging health threats journal. 2013;6:19780. 
[7] Lee MS, Tseng FC, Wang JR, Chi CY, Chong P, Su IJ. Challenges to licensure of enterovirus 71 vaccines. PLoS neglected tropical diseases. 
2012;6:e1737. 
[8] Chu SC, Wang ET, Liu DP. Is a monovalent vaccine against enterovirus 71 sufficient? A review of enterovirus 71 vaccine development based on 
enterovirus surveillance in Taiwan. Journal of the Formosan Medical Association = Taiwan yi zhi. 2013;112:508-9. 
[9] Huang PN, Shih SR. Update on enterovirus 71 infection. Current opinion in virology. 2014;5:98-104. 
[10] Pourianfar HR, Grollo L. Development of antiviral agents toward enterovirus 71 infection. Journal of microbiology, immunology, and infection = Wei 
mian yu gan ran za zhi. 2015;48:1-8. 
[11] Shang L, Xu M, Yin Z. Antiviral drug discovery for the treatment of enterovirus 71 infections. Antiviral research. 2013;97:183-94. 
[12] Tan CW, Lai JK, Sam IC, Chan YF. Recent developments in antiviral agents against enterovirus 71 infection. Journal of biomedical science. 2014;21:14. 
[13] Kuo RL, Shih SR. Strategies to develop antivirals against enterovirus 71. Virology journal. 2013;10:28. 
[14] Xue B, Yao Z, Yu R. [Studies on anti-EV71 virus activity of traditional Chinese medicine and its clinical application in treatment of HFMD]. Zhongguo 
Zhong yao za zhi = Zhongguo zhongyao zazhi = China journal of Chinese materia medica. 2011;36:3366-70. 
[15] Liu Q, Luyten W, Pellens K, Wang Y, Wang W, Thevissen K, et al. Antifungal activity in plants from Chinese traditional and folk medicine. Journal of 
ethnopharmacology. 2012;143:772-8. 
[16] Patiny L, Borel A. ChemCalc: a building block for tomorrow's chemical infrastructure. Journal of chemical information and modeling. 2013;53:1223-8. 
[17] Gu JY, Gui YS, Chen LR, Yuan G, Lu HZ, Xu XJ. Use of Natural Products as Chemical Library for Drug Discovery and Network Pharmacology. PloS 
one. 2013;8. 
[18] Li WK, Sun YK, Liang WZ, Fitzloff JF, van Breemen RB. Identification of caffeic acid derivatives in Actea racemosa (Cimicifuga racemosa, black 
cohosh) by liquid chromatography/tandem mass spectrometry. Rapid Commun Mass Sp. 2003;17:978-82. 
[19] Iwanaga A, Kusano G, Warashina T, Miyase T. Hyaluronidase Inhibitors from "Cimicifugae Rhizoma" (a Mixture of the Rhizomes of Cimicifuga 
dahurica and C. heracleifolia). J Nat Prod. 2010;73:573-8. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
[20] Law WS, Chen HW, Balabin R, Berchtold C, Meier L, Zenobi R. Rapid fingerprinting and classification of extra virgin olive oil by microjet sampling 
and extractive electrospray ionization mass spectrometry. Analyst. 2010;135:773-8. 
[21] Liu AH, Guo H, Ye M, Lin YH, Sun JH, Xu M, et al. Detection, characterization and identification of phenolic acids in Danshen using high-performance 
liquid chromatography with diode array detection and electrospray ionization mass spectrometry. Journal of chromatography A. 2007;1161:170-82. 
[22] Buenafe OE, Orellana-Paucar A, Maes J, Huang H, Ying X, De Borggraeve W, et al. Tanshinone IIA exhibits anticonvulsant activity in zebrafish and 
mouse seizure models. ACS chemical neuroscience. 2013;4:1479-87. 
[23] Thibaut HJ, Leyssen P, Puerstinger G, Muigg A, Neyts J, De Palma AM. Towards the design of combination therapy for the treatment of enterovirus 
infections. Antiviral research. 2011;90:213-7. 
[24] McAllister RM, Melnyk J, Finkelstein JZ, Adams EC, Jr., Gardner MB. Cultivation in vitro of cells derived from a human rhabdomyosarcoma. Cancer. 
1969;24:520-6. 
[25] van der Linden L, Ulferts R, Nabuurs SB, Kusov Y, Liu H, George S, et al. Application of a cell-based protease assay for testing inhibitors of 
picornavirus 3C proteases. Antiviral research. 2014;103:17-24. 
[26] National Pharmacopoeia Committee NPC. Chinese Pharmacopoeia (English Edition, 2010) Beijing: Chemical Industry Press; 2010. 
[27] Chung YC, Hsieh FC, Lin YJ, Wu TY, Lin CW, Lin CT, et al. Magnesium lithospermate B and rosmarinic acid, two compounds present in Salvia 
miltiorrhiza, have potent antiviral activity against enterovirus 71 infections. European journal of pharmacology. 2015;755:127-33. 
[28] Kusano A, Seyama Y, Nagai M, Shibano M, Kusano G. Effects of fukinolic acid and cimicifugic acids from Cimicifuga species on collagenolytic 
activity. Biological & pharmaceutical bulletin. 2001;24:1198-201. 
[29] Li JX, Yu ZY. Cimicifugae rhizoma: from origins, bioactive constituents to clinical outcomes. Current medicinal chemistry. 2006;13:2927-51. 
[30] Chang JS, Wang KC, Chiang LC. Sheng-Ma-Ge-Gen-Tang inhibited Enterovirus 71 infection in human foreskin fibroblast cell line. Journal of 
ethnopharmacology. 2008;119:104-8. 
[31] Takahira M, Kusano A, Shibano M, Kusano G, Sakurai N, Nagai M, et al. Three new fukiic acid esters, cimicifugic acids A, B and C, from Cimicifuga 
simplex WORMSK. Chem Pharm Bull. 1998;46:362-5. 
[32] Robinson WE, Jr., Cordeiro M, Abdel-Malek S, Jia Q, Chow SA, Reinecke MG, et al. Dicaffeoylquinic acid inhibitors of human immunodeficiency 
virus integrase: inhibition of the core catalytic domain of human immunodeficiency virus integrase. Molecular pharmacology. 1996;50:846-55. 
[33] Liao H, Banbury LK, Leach DN. Antioxidant activity of 45 Chinese herbs and the relationship with their TCM characteristics. Evid-Based Compl Alt. 
2008;5:429-34. 
[34] Sasaki K, Yoshizaki F, Abe H. [The anti-Candida activity of shikon]. Yakugaku Zasshi. 2000;120:587-9. 
[35] Yamasaki K, Otake T, Mori H, Morimoto M, Ueba N, Kurokawa Y, et al. Screening-Test Of Crude Drug Extract on Anti-Hiv Activity. Yakugaku 
Zasshi. 1993;113:818-24. 
[36] Kelley CJ, Mahajan JR, Brooks LC, Neubert LA, Breneman WR, Carmack M. Polyphenolic Acids Of Lithospermum-Ruderale Dougl Ex Lehm 
(Boraginaceae) .1. Isolation And Structure Determination Of Lithospermic Acid. J Org Chem. 1975;40:1804-15. 
[37] Petersen M, Simmonds MS. Rosmarinic acid. Phytochemistry. 2003;62:121-5. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
[38] Wu BW, Pan TL, Leu YL, Chang YK, Tai PJ, Lin KH, et al. Antiviral effects of Salvia miltiorrhiza (Danshen) against enterovirus 71. The American 
journal of Chinese medicine. 2007;35:153-68. 
[39] Abd-Elazem IS, Chen HS, Bates RB, Huang RCC. Isolation of two highly potent and non-toxic inhibitors of human immunodeficiency virus type 1 
(HIV-1) integrase from Salvia miltiorrhiza. Antiviral research. 2002;55:91-106. 
[40] Zhou LM, Zuo Z, Chow MSS. Danshen: An overview of its chemistry, pharmacology, pharmacokinetics, and clinical use. J Clin Pharmacol. 
2005;45:1345-59. 
 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
FIGURE LEGEND  
Figure 1. (a) The anti-EV-A71 activity-guided separation and purification of Cimicifuga heracleifolia fractions. Sixty fractions (F1-F60) were 
obtained and tested for activity against the EV-A71 BrCr strain. When at least at one concentration a fraction could fully inhibit the virus-
induced CPE without showing toxicity, the corresponding bar is marked in black (non-active fractions are depicted in gray). (b,c) HPLC 
chromatogram of fraction 28 and fraction 33. F28 and F33 were chosen for further purification on a semi-preparative C18 HPLC column using a 
gradient elution as indicated by the black line. Peaks were collected and tested for anti-EV-A71 activity. F28 peak 15, F28 peak 16, F33 peak 11 
and F33 peak 13 were active. EC50: concentration of compound at which the virus-induced cytopathic effect is reduced by 50%. Values are from 
one experiment. 
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Figure 2. (a) The anti-EV-A71 activity-guided separation and purification of Arnebia euchroma fractions. Sixty fractions (F1-F60) were 
obtained and tested for activity against the EV-A71 BrCr strain. When at least at one concentration a fraction could fully inhibit the virus-
induced CPE without showing toxicity, the fraction bar is marked in black (non-active fractions are depicted in red). (b,c) HPLC chromatogram 
of fraction 37 and fraction 40. F37 and F40 were chosen for further purification on a semi-preparative C18 HPLC column using a gradient 
elution as indicated by the black line. Peaks were collected and tested for anti-EV-A71 activity. F37 peak 3, F37 peak 4, F40 peak 3 and F40 
peak 6 were active. EC50: concentration of compound at which the virus-induced cytopathic effect is reduced by 50%. Values are from one 
experiment.  
 
Figure 3. Anti-EV-A71 3C protease activity of fukinolic acid. Cell-based EV-A71 3C protease assay was performed by co-transfecting a plasmid 
encoding for EV-A71 3C protease in combination with a pG5luc reporter plasmid. Fukinolic acid, rupintrivir-like (positive control) and DMSO 
(negative control) were added and after 24h, the luciferase levels were measured. The inhibition of protease activity was measured as an 
induction of FLuc expression and subsequent increase of luciferase signal. Experiments were performed in triplicate and values represent the 
mean ± SD of the three measurement. 
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Plant Peak [M-H]
-
 m/z 
[2M-H]
- 
m/z 
[M+H]
+
 
m/z 
[2M+H]
+
 
m/z 
HPLC-ESI-MS
2
 m/z 
(% base peak) 
Tentatively identified 
compounds 
EC
50
 ±SD 
(µg /mL) 
CC
50
±SD 
(µg /mL) 
C
im
ic
if
u
g
a
 h
e
ra
c
le
if
o
lia
 
F28P15 - - 463.1233 925.2380 MS
2
[463]: 224(1), 207(100), 175(27), 
147(3), 119(2), 91(1) 
Cimicifugic acid J
a
 27.7±1.1 >70 
F28P16 433.0763 867.1613 435.0922 869.1769 MS
2
[433]: 433(1), 271(98), 253(35), 
235(7),  209(3), 191(27), 179(100) 
Fukinolic acid
a,c
 4.3±0.1 50±0 
F33P11 - - - - - - 26.9±15.9 >100 
F33P12 477.1041 - 479.1159 957.2229 MS
2
[477]: 253(70), 223(10) 191(100), 
181(75), 165(50), 109(30) 
Cimicifugic acid I
c
 >100 >100 
F33P13 447.0920 - 449.1070 914.2378 MS
2
[447]:  447 (100),  253 (90), 
235(5), 191 (10), 181 (10) 
Cimicifugic acid A
a,c
 21.3±11 >100 
F33P14 447.0929 - 449.1068 914.2314 - Cimicifugic acid B
c
 >100 >100 
A
rn
e
b
ia
 e
u
c
h
ro
m
a
 
F37P3 537.0637 1075.1331 - - 
MS
2
[537]: 339(20), 295(23), 
269(22),228(23),  197(100), 179(55), 
135(95), 109(8) 
C
27
H
22
O
12
b 10.6±0.4 >90 
F37P4 - - - - - - 5.4±1.1 >100 
F39P3 - - - - - - 19.8±2.3 >100 
F39P6 717.0912 1435.1892 - - - C36H30O16
b 36.3±3.0 >100 
Table 1. Characterization by mass spectrometry and anti-EV71 activity of active peaks.  
a 
Identification by comparing with previous published report.  
b 
Identified as caffeic acid derivatives based on MS/MS fragmentation patterns. 
C 
Identification confirmed by NMR spectrum. 
 
EC
50
, concentration of compound at which the virus-induced cytopathic effect is reduced by 50%.  
CC
50
, concentration of compound at which a 50% reduction in cell viability is observed.  
EC
50
 and CC
50
 values were obtained from multiple independent (>1) experiments.  
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Table 2. Summary of compound structures and their activities against EV71 BrCr lab strain. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Structures of 
tentatively 
identified 
compounds 
from 
Cimicifuga 
heracleifolia 
Name Core structure 
Fukinolic 
acid 
Cimicifugic 
acid J 
Cimicifugic 
acid I 
Cimicifugic 
acid A 
Cimicifugic 
acid B 
EC50 ±SD 
(µg /mL) 
/ 4.3±0.1 27.7±1.1 >100 21.3±11 >100 
Structure 
      
Structures of 
compounds 
obtained 
commercially 
Name L-Chicoric acid D-Chicoric acid 
Rosmarinic 
acid 
Salvianolic acid 
B 
Salvianolic acid A hydrate 
EC50 ±SD 
(µg /mL) 
55.5±10.8 60.7±7.4 21.9±2.1 55.5±11.1 3.6±0.2 
Structure 
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Table 3. Antiviral activity of commercially obtained compounds against EV71 BrCr and clinical isolates. 
 
 
 
 
 
 
 
 
 
 
 
 
EV71 
Genogroup 
Virus strain 
EC
50
 ±SD (µg /mL) 
L-Chicoric 
acid 
D-Chicoric 
acid 
Rosmarinic 
acid 
Salvianolic 
acid A 
Salvianolic 
acid B 
Pirodavir 
A BrCr 55.5±10.8 60.7±7.4 21.9±2.1 3.6±0.2 55.5±11.1 1.2±0.1 
B2 11316 9.0±0.4 9.1±0.9 3.2±0 0.7±0.1 3.0±0.5 0.2±0.02 
B5 TW/70902/08 10.6±2.6 8.3±0.4 3.8±0.1 1.1±0 4.3±0.3 0.2±0.02 
C2 H08300 461 7.6±0.8 8.4±0.1 3.9±0.1 0.9±0 1.1±0.2 0.3±0.03 
C4 TW/1956/05 8.4±0.2 8.4±0.1 2.2±0.1 1.1±0 2.1±0 0.2±0 
CC
50 
(µg /mL) >100 >100 56.4±7.1 25.5±7.4 86.4±7.6 >10 
